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ABSTRACT: T he distribution o f nitrification has been m easured  with the 111 '(  ( ) ; incorporation  m ethod in the Seine
River and its estuary during sum m er conditions. T he Seine River below Paris receives large am ounts o f am m onium  
through w astewater discharge. In  the river itself, this am m onium  is only slowly nitrified, while in the estuary nitrification 
is rap id  and com plete. We show that this contrasting behavior is re la ted  to the d ifferen t hydrosedim entary conditions o f 
the two systems, as nitrifying bacteria  are associated with suspended particles. In  the river, particles and their attached 
bacteria e ither rapidly settle o r have a sestonic behavior. Because o f the sh o rt residence tim es o f the w ater masses, the 
slow growing nitrifying population  has no tim e to develop sufficiently to nitrify the available am m onium . T he estuary is 
characterized by strong tidal dynamics. Particles settle and are resuspended  continuously with the strong curren t inver­
sions o f  ebb and flood. As a result o f  these dynamics, particles and their attached nitrifying bacteria experience longer 
residence tim es in a tem porary  suspended state than  the w ater m asses them selves, providing to slow growing nitrifying 
bacteria the opportunity  to develop a large population  capable o f nitrifying all the available am m onium .
Introduction
In  river systems, n itrifica tion  plays an  im p o rta n t 
ro le  in  th e  n itro g en  cycle b u t is also an  im p o rta n t 
oxygen consum ing  process (e.g., D éri 1991). This 
is particu larly  tru e  in  w astew ater co n tam in a ted  riv-
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ers w hich receive d irectly  o r  ind irectly  (th ro u g h  or­
ganic N  m inera liza tion ) large am o u n ts  o f  am m o­
n iu m  favorable to  th e  d ev e lo p m en t o f  n itrifica tion . 
In  rivers, am m o n iu m  can be  n itrified  in  th e  sedi­
m en ts  a n d  th e  w ater co lum n, th e  relative signifi­
cance o f  each  b e in g  a fu n c tio n  o f  th e  surface to 
vo lum e (S : V) ra tio  o f  th e  river. In  sm all rivers, am ­
m o n iu m  is m ostly n itrified  by th e  b en th ic  com ­
m unity  (C o o p er 1984). In  la rg e r rivers, because o f  
th e  sm aller S : V ratio , b en th ic  n itrifica tion  is insig­
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n ifican t an d  m ost o f  th e  o x ida tion  o f  am m o n iu m  
takes p lace in  th e  w ater co lu m n  (B illen 1975; Lip- 
schultz e t al. 1986; C hestériko ff e t al. 1992; Be- 
rounsky an d  N ixon  1993).
T h e  capacity o f  la rge  stream s to  oxidize am m o­
n iu m  is strongly re la te d  to  th e ir  capacity to  m ain ­
ta in  a large n itrify ing  p o p u la tio n . N itrifying bac­
te ria  a re  ch arac terized  by th e ir  very slow grow th 
(m axim um  grow th ra te  betw een  0.035 an d  0.06 
h _1, G ould  an d  Lees 1960; S k in n er a n d  W alker 
1961; B oon  an d  L au d e lo u t 1962; H e ld e r an d  De 
Vries 1983; B rion  an d  B illen 1998); they n e e d  long  
resid en ce  tim es to  develop a sign ifican t b iom ass in  
tile  w ater co lum n. It is com m only  know n th a t n i­
trifying b ac te ria  have th e  capacity to  a ttach  to  sur­
faces a n d  th is capacity is largely used  in  w astew ater 
tre a tm e n t techn o lo g ies  (B ovendeur e t al. 1990). In 
aquatic  systems, th is can  re p re se n t an  advantage 
fo r those  slow grow ing organism s by allow ing th em  
to stay lo n g e r a t o n e  site w ithou t b e in g  flu shed  out. 
D éri (1991) show ed th a t in  th e  H u n g a rian  stre tch  
o f  th e  River D anube, very rap id  an d  fre q u e n t dis­
charge  varia tions led  to  a lte rn a te  re suspension  an d  
settling  periods, w ith th e  p e rio d s  o f  m ax im um  tu r­
bidity co inc id ing  w ith th e  m ax im um  n itrify ing  ac­
tivity. In  th e  sam e way, A dm iraal an d  B o tte rm ans 
(1989) show ed th a t in  th e  th re e  b ran ch es  o f  the  
R hine  estuary, th e  m ost tu rb u le n t a n d  tu rb id  
stre tch  ch arac terized  by th e  m ost in ten se  sh ipp ing  
was also th e  site o f  th e  m ost in ten se  n itrification . 
Finally, O w ens (1986) co m p ared  th e  fu n c tio n in g  
o f  th e  n itrify ing  T am ar estuary  to  a flu id ized  b ed  
reactor, w ith th e  tidal m ovem ents m a in ta in in g  at­
tach ed  b ac te ria  in  suspension.
For th e  Seine River below  Paris, C hestériko ff e t 
al. (1992) show ed th a t th e  very large am o u n ts  o f 
am m o n iu m  b ro u g h t by th e  w astew ater tre a tm e n t 
p la n t o f  Paris (10 m illion  in h ab itan ts) w ere only 
slowly n itrified  even in  su m m er low w ater cond i­
tions because o f  th e  slow grow th o f nitrify ing or­
ganism s. T h e  nitrify ing p o p u la tio n  req u ires  several 
days (m o re  th a n  th e  re sid en ce  tim e) to reach  d e n ­
sities ab le to in d u ce  a m easu rab le  am m o n iu m  d e ­
p le tio n  in  th e  river. In  contrast, w hen  en te rin g  th e  
estuary, sep ara ted  from  th e  u p stream  section  o f 
tile  river by a navigation  dam , am m o n iu m  is alm ost 
totally n itrified  u n d e r  favorable su m m er tem p era ­
tu re  conditions.
T his p a p e r  shows th a t th e  co n trastin g  expression  
o f  n itrifica tion  in  th e  riverine an d  estu arin e  p arts  
o f  th e  Seine is re la ted  to  th e  d iffe ren t hydro logical 
co n d itio n s prevailing  in  those  two systems. W hile 
tile  hydrodynam ic behav io r o f  th e  river is charac­
terized  by th e  u n id irec tio n a l river d ischarge, the  
estuary  is also in flu en ced  by s trong  tida l dynam ics. 
We investigated  th e  in te rac tio n s betw een  n itrify ing
bac te ria  an d  su sp en d ed  particles, an d  th e ir  im pli­
cations o n  tile  n itrify ing  p o p u la tio n  dynam ics.
S i t e  D e s c r i p t i o n  
T h e  study area  co rre sp o n d s  to  th e  dow nstream  
p a r t  o f  tile  Seine River a n d  its estuary  (Fig. l a ) .  It 
ex tends over 355 km  from  Paris to  H onfleur. T h e  
sam pling  sites a lo n g  th e  stream  are  re fe re n ce d  as 
d istance (km ) from  th e  M arie b ridge , loca ted  in  
tile  c e n te r  o f  th e  city o f  Paris, a n d  increasing  dow n­
stream  acco rd in g  to a conven tion  o f  th e  Service de 
la N avigation  de  la Seine (SNS). T h e  Seine River 
below  Paris is a large reg u la ted  7 th  o rd e r  river ac­
co rd in g  to tile  S trah le r (1957) classification (th e  
co n flu en ce  o f  two rivers o f  o rd e r  n  gives a river o f 
o rd e r  n  + 1, w ith n >  1). A few k ilom eters dow n­
stream  from  Paris, th e  river receives th e  effluen ts 
o f  th e  w astew ater tre a tm e n t p la n t o f  A chères, trea t­
ing  th e  sewage o f  th e  1 0  m illion  in h ab itan ts  o f  th e  
Parisian  m etro p o litan  areas. T h e  co n flu en ce  w ith 
River O ise com es im m ediately  after th is w astew ater 
d ischarge. T h e  m ean  d ischarge  o f  th e  river is 420 
m 3  s 1. T h e  river ru n s  over 100 km  to Poses, the  
b eg in n in g  o f  th e  estuary, w here  a navigation  dam  
preven ts th e  tidal wave from  p e n e tra tin g  fa r th e r  
upstream . T h e  estuary  ex ten d s over 150 km  an d  is 
strongly ch an n e lled , w ith a w id th  o f a few h u n d re d  
m eters  an d  a m ean  d e p th  o f  ab o u t 4 m  from  Poses 
to R ouen , a n d  10 m  dow nstream  from  R ouen . It 
has a m ean  resid en ce  tim e o f ab o u t 8  d. T h e  ma- 
cro tida l hydrodynam ic behav io r o f  th e  estuary  is 
c o n tro lled  by th e  co m b in a tio n  o f  river d ischarge 
an d  tide, w hich can successively jo in  o r  be  o p posed  
d u rin g  eb b  a n d  flood. D u rin g  a lu n a r  cycle, th e  
tidal am p litu d e  varies w ith th e  a lte rn a tio n  o f  n eap  
an d  sp ring  tides. T h e  m axim um  tide am p litu d e  at 
tile  m o u th  o f  th e  estuary  is 7.5 m , a n d  th e  tidal 
wave is g radually  d a m p e n e d  an d  d is to rted  w hen  
e n te rin g  th e  estuary, reach in g  only 30 cm  in  th e  
fro n t o f  th e  Poses dam . T h e  in tru s io n  o f  salinity 
never ex ten d s b eyond  C audebec, 40 km  from  the  
river m o u th  in  th e  Seine Bay. In  th e  largest p a r t  o f 
tile  estuary, th e re  is n o  d ilu tio n  o f  freshw ater w ith 
m arin e  waters.
Methods
P h y s i c a l ,  C h e m i c a l ,  a n d  B i o l o g i c a l  
M e a s u r e m e n t s  
A m m onium  (N H 4), n itra te  ( N 0 3), a n d  n itrite  
(NOo) analyses w ere ca rr ied  o u t on  0.45-|j,m fil­
te red  water, d irectly  after collection . N H 4  was m ea­
su red  w ith th e  in d o p h e n o l b lu e  m e th o d  acco rd ing  
to Slawyk an d  M clsaac (1972). N O s was m easu red  
after cadm ium  re d u c tio n  in  N O a. N O , was m ea­
su red  w ith th e  su lp h an ilam id e  m e th o d  acco rd ing  
to Jo n e s  (1984). River d ischarges (Q ) w ere given 
daily a t th e  Poses dam  (198 km ) by th e  SNS. Ox-
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Fig. 1. A) Schem atic represen tation  o f the  Seine River below Paris. Black circles are th e  sam pling stations; th e  nam e o f the  stations 
an d  th e ir position (distance from  the  M arie Bridge in Paris) are po in ted  ou t with arrows. WWTP: W astewater trea tm en t p lan t o f 
A chères (75 km ). B) Schem atic represen ta tion  o f th e  cross section o f the  estuary a t station M oulineaux (258 km ). Circles rep resen t 
the  sam pling sites.
TABLE 1. Hydrologie an d  climatic characteristics o f th e  10 cruises an d  linear regression o f potential nitrifying activity (pNA, jjimol 
I-1 h -1) versus suspended m atter (SM, m g I-1) concentrations fo r 7 tidal profiles. Q  =  river discharge (m 3 s-1). tc =  tide coefficient 
(relative tidal range in  % o f the  m ean  spring equ inox  tidal range, 6.7 m, given fo r th e  Brest H arbour on  the  French A tlantic coast). 
T  =  tem pera tu re  (°C). A an d  B are coefficients o f th e  linear regression pNA =  A X SM +  B. R is th e  regression coefficient, p  is the 
probability th a t the  regression coefficient R is zero, n  =  n u m b er o f observations, ns =  no  significant corre lation  betw een pNA and  
SM (p >  0.05).
Date Q tc T A B R P n
July 3-4, 1995 290 6 8
Longitudinal Profiles 
2 2  —
Septem ber 12-13, 1995 296 89 18 — — — — —
July 3-4, 1996 141 106 19 — — — — —
July 21, 1993 205 101 2 0
Tidal Profiles 
0.037 -0 .3 4 0.82 0.003 10
N ovem ber 4, 1993 450 6 8 9 -0 .0 0 3 "“ 0.21"“ -0 .1 3 0.71 10
M arch 17, 1994 680 71 10 0.0032"“ -0 .0 4 "“ 0.45 0.36 6
May 20, 1994 500 55 16.5 0.0055 0.016 0.89 0.003 8
Ju n e  15, 1994 500 67 18 0.0075 -0 .0 7 0 0.84 0.035 6
July 17, 1994 150 71 22.5 0.043 -1 .1 9 0.85 0.007 8
Septem ber 27, 1996 140 108 16 0.015 0.11 0.82 <0.001 36
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Fig. 2. L ongitudinal variations from  Maison-Laffitte (62 km ) to  H onfleur (355 km ) o f A) am m onium  (NH4), n itra te  (N 0 3), total 
dissolved inorganic  n itrogen  (D IN ), suspended m atter (SM ), chlorinity (Cl ) ; B) oxygen ( 0 2) concentrations an d  po ten tial nitrifying 
activity (pNA) an d  sim ulated in  situ nitrifying activity (sNA) fo r Ju ly  1995, Septem ber 1995, an d  July  1996. For station locations, see 
Fig. la.
ygen co n cen tra tio n s  (0 2) w ere d e te rm in e d  using  
a specific p ro b e  (OXY 96, W TW ). S u sp en d ed  m at­
te r  co n cen tra tio n s  (SM) w ere d e te rm in e d  by filter­
ing  100 to  300 m l o f  w ater im m ediately  after col­
lec tion  th ro u g h  a 0.45-|j,m d rie d  pre-w eighed glass 
fib re  filte r (GFF, W h atm an n ). T h e  filte r was th e n  
p u t in  a d ry ing  oven a t 80°C fo r  4 h , an d  w eighed  
again. S u sp en d ed  m a tte r  c o n cen tra tio n  was d e te r­
m in ed  by th e  d ifference.
N itrifying activities w ere m easu red  o n  w ater sam ­
ples im m ediately  after co llection  w ith th e  H 1 4 C 0 3~ 
in c o rp o ra tio n  m e th o d  acco rd in g  to  B rion  an d  Bil­
len  (1998). T h e  m e th o d  involves m easu rin g  th e  
d iffe rence  in  d a rk  1 1 1 'CX ) , in c o rp o ra tio n  ra tes be­
tw een a co n tro l sam ple a n d  a sam ple tre a te d  w ith 
specific in h ib ito rs  o f  ch em o au to tro p h ic  n itrifica­
tion: N-serve ( =  2-chloro-6-trichlorom ethyl pyri­
d in e  =  N itrapyrine) a t a final co n cen tra tio n  o f  5 
m g I- 1  an d  ch lo ra te  at a final c o n cen tra tio n  o f 1 0  
m m ol I-1. T h e  ca rb o n  in c o rp o ra tio n  rates w ere 
converted  in to  am m o n iu m  o x ida tion  to  n itra te  
ra tes by using  a conversion  fac to r o f  0 . 1 1  (p m o l 
ox idized N )X (|j,m o l in c o rp o ra te d  C ) _ 1  w hich was 
co n sid e red  to  be  co n stan t in  th e  s tan d ard ized  in-







- >  4- E bb










Time after low tide (h)
Fig. 3. C urren t velocity and  w ater colum n height during a 
typical tidal cycle m easured at M oulineaux (258 km ).
cu b atio n  co n d itio n s (B rion a n d  B illen 1998). Po­
ten tia l n itrify ing activities (pNA) w ere m easu red  at 
sa tu ra tin g  am m o n iu m  ( 2  m m ol I-1) a n d  oxygen 
(shaking  o f  th e  sam ple o n  a ro ta ry  tab le) co n cen ­
tra tio n s an d  at a co n stan t te m p e ra tu re  o f  20°C. U n­
d e r these  cond itions, n itrify ing  activity is directly  
re la ted  to  n itrify ing  b iom ass (B elser an d  Mays 
1982). S im ulated  in  situ nitrify ing activities (sNA) 
w ere m easu red  by in cu b a tin g  th e  sam ples in  W ink­
le r bo ttles w ith o u t a head sp ace  an d  at in  situ  tem ­
p e ra tu re .
S a m p l i n g  a n d  C r u i s e s  
Longitudinal Profiles
L o n g itu d in a l p rofiles o f  nitrify ing activity w ere 
estab lished  d u rin g  th re e  cruises c o n d u c ted  u n d e r  
low river d ischarge  co n d itio n s in  July  a n d  S ep tem ­
b e r 1995 an d  in  Ju ly  1996. Each sam pling  cruise 
ra n  over 2 d. O n  th e  first day, u p stream  stations 
betw een  62 a n d  230 km  w ere sam pled  from  b rid g ­
es d u rin g  th e  ebb. O n  th e  second  day, dow nstream  
stations betw een  250 an d  355 km  w ere sam pled  
from  a sm all ship o f  th e  SNS d u rin g  th e  flood  ex­
cep t fo r  th e  m ost dow nstream  stations at 355 an d  
337 km , w hich w ere sam pled  a t th e  e n d  o f  th e  ebb. 
All sam ples w ere taken  in  th e  m id d le  o f  th e  river 
in  th e  first 3 m  o f th e  w ater co lum n, e ith e r  w ith a 
b u ck e t (upstream  sam ples) o r  w ith a peristaltic  
p u m p  (dow nstream  sam ples). T h e  river d ischarge, 
w ater tem p era tu re , an d  tide  coeffic ien t o f  each  
cru ise  are  given in  Table 1.
Tidal Profiles
T h e  tidal variability o f  p o ten tia l n itrify ing activ­
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Fig. 4. Typical suspended m atter concen tra tion  (SM) an d  potential nitrifying activity (pNA) variations on  surface samples a t station 
M oulineaux (258 km ) during  3 tidal cycles.
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Fig. 5. Tidal variation o f (A) suspended m atter concentration (SM) and  (B) potential nitrifying activity (pNA) on a cross-section at 
station M oulineaux (258 km ). Diamonds represen t the m easurements. C oncentrations were extrapolated from  the m easurem ents over 
the entire river section using the  Kriging m ethod  (Surfer version 4 Reference m anual) o f com puter program  SURFER (Golden Software).
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sessed fo r  seven cruises co n d u c te d  a t a sta tion  lo­
ca ted  a ro u n d  th e  m id d le  o f  th e  estuary: M ouli­
neaux , 258 km  (Fig. l a ) .  C ruises follow ed 12 h  tid ­
al cycles a n d  covered  d iffe ren t seasonal an d  tidal 
situations. W ater tem p era tu re , river d ischarge, an d  
tide coefficients o f  each  cru ise  are  sum m arized  in  
Table 1. Betw een Ju ly  1993 an d  Ju ly  1994 (six cruis­
es), sam ples w ere taken  o f  th e  surface w ater w ith 
a b u ck e t from  a sm all p ie r  o n  th e  left b an k  (Fig. 
lb ) .  O n  S ep tem b er 27, 1996, sam ples w ere taken
from  a ship (C ôte d ’A quitaine, C.N.R.S.) w ith 5-1 
N isk in ’s bo ttles a t th re e  d ep th s  (bo ttom , center, 
an d  surface o f th e  w ater co lum n) a n d  a t th re e  sta­
tions across th e  river (left bank, m idd le , a n d  r ig h t 
bank) (Fig. lb ) .
S e d i m e n t a t i o n  o f  pNA a n d  SM 
To illustra te  th e  in ter-re la tio n sh ip  betw een  sus­
p e n d e d  partic les an d  nitrify ing b ac te ria  in  estria­
rm e  w aters, th e  se ttlem en t o f  pN A  a n d  SM w ere
znd of the ebb
_________L
(A) SM (mg 1-1)
Beginning of the flood
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Fig. 5. C ontinued
follow ed in  para lle l over tim e in  a m esocosm  ex­
p e rim en t. A t sta tion  M ou lineaux  (258 km ), on  July 
23, 1997, seven plastic cy linder tubes w ere gently  
im m ersed  side to  side in  a vertical position  u n d e r  
th e  w ater surface, closed a t th e ir  b o tto m  end , an d  
carefully b ro u g h t u p  to th e  river b an k  w here  they 
w ere p laced  w ith m in im al d is tu rb an ce  in  an  in cu ­
b a to r a t in  situ  tem p era tu re . Im m ediately, th e  u p ­
p e r  2 0  cm  o f th e  first cy linder w ere s ip h o n ed  an d  
h om o g en ised . T h e  o th e rs  w ere allow ed to  settle  fo r 
5, 15, 30, 60, 120, a n d  240 m in u tes  respectively 
b efo re  b e in g  s ip h o n ed  an d  hom o g en ised . pNA
an d  SM w ere d e te rm in e d  on  each  co llec ted  sam ­
ple.
Results
L o n g i t u d i n a l  P r o f i l e s  
T h e  3 sets o f  lo n g itu d in a l p ro files cover sum m er 
situations; a s itua tion  w ith a river d ischarge o f 
a b o u t 300 m 3  s an d  a m ean  w ater tem p era tu res  
o f  18°C (S ep tem b er 1995) an d  22°C (July 1995), 
an d  a s itua tion  w ith a low er river d ischarge  (141 
m 3  s 1 ) an d  a m ean  w ater te m p e ra tu re  o f  19.5°C 
(July 1996) (Table 1). S u sp en d ed  m a tte r  concen-
Middle of the flood High tide
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tra tio n s are  ra th e r  low an d  co n stan t in  th e  river 
( 1 0  to  2 0  m g  I-1), w hile in  th e  u p p e r  p a r t  o f  the  
estuary, they are  m o re  variable an d  generally  h ig h ­
e r (40 to  50 m g I-1) (Fig. 2a). T h e  dow nstream  
p a r t  o f  th e  estuary  is cha rac terized  by th e  p resen ce  
o f  a tu rb id ity  m axim um  (up  to  2 g I- 1  o f  SM) as 
previously described  by A voine e t al. (1981). This 
tu rb id ity  m ax im um  is particu larly  ev iden t in  Sep­
tem b er 1995 a n d  Ju ly  1996.
A m m onium  co n cen tra tio n s  vary betw een  0 an d  
350 |j.mol I- 1  (Fig. 2a). T h e  d ischarge o f  th e  A ch­
ères w astew ater tre a tm e n t p la n t a t 75 km  causes a 
su d d en  increase. B etw een 75 an d  202 km , co n cen ­
tra tio n  decreases in  Ju ly  1995 w hile it increases in  
S ep tem b er 1995 after th e  d ilu tio n  w ith th e  River 
O ise (85 km ). F rom  202 km  an d  dow nstream , in  
tile  estuary, am m o n iu m  co n cen tra tio n s  decrease 
u n til they reach  u n d e tec tab le  lim its. N itra te  co n ­
cen tra tio n s  vary betw een  200 a n d  500 p m o l I- 1  an d  
increase  dow nstream  (Fig. 2a). Total dissolved in ­
o rgan ic  N  co n cen tra tio n s  (DIN =  N H 4  +  N O , + 
N O 3 ) vary betw een  300 an d  650 p m o l I - 1  (Fig. 2a). 
A n increase  follows th e  d ischarge  o f  w astew ater at 
75 km  (A chères) an d  is im m ediately  follow ed by a 
slight decrease at 85 km  afte r th e  d ilu tio n  w ith th e  
River O ise. A fter this con fluence , D IN increases 
dow nstream  u n til 202 km  (Poses), show ing an  in ­
flux com ing  from  organ ic  N  m inera liza tion . Be­
tw een 202 km  a n d  243 km  (R ouen), DIN decreases 
slightly. Below 340 km , th e  co n cen tra tio n s  o f  all 
DIN  species decrease  suddenly  d u e  to  d ilu tio n  o f 
river w ith seawater, as show n o n  th e  ch lorin ity  p ro ­
files (Fig. 2a).
O xygen co n cen tra tio n s  decrease drastically ju s t  
below  th e  w astew ater d ischarge  o f  A chères (75 km ) 
(Fig. 2 b ) . A long  its travel to  th e  estuary, th e  w ater 
is th e n  re-oxygenated  by m ix ing  w ith th e  River 
O ise (85 km ) an d  by th e  w aterfalls a t several nav­
igation  dam s. In  th e  estuary, a second  severe oxy­
gen  decrease  is observed , w ith m in im u m  values b e ­
low 1 m g R 1 lo ca ted  a ro u n d  300 km  (Fig. 2b). Re­
oxygenation  o f  th e  w ater m asses only occurs a t th e  
m ost dow nstream  stations by th e  m ix ing  w ith m a­
rin e  waters.
P o ten tia l n itrify ing activity varies from  0.05 to 
2.75 p m o l R 1 h - 1  an d  pro files show a slow b u t reg ­
u la r increase  o f  th e  n itrify ing  p o p u la tio n  from  75 
(A chères) to  202 km  (Poses) (Fig. 2b). In  th e  es­
tuary, pN A  reach es very h ig h  values ex cep t in  Ju ly  
1995. S im ulated  in  situ nitrify ing activity m easu re ­
m en ts vary from  0 to 0.7 p m o l R 1 h - 1  w ith one  
value o f 1.4 p ino i R 1 h a n d  show th e  sam e vari­
a tion  p a tte rn  as pNA, w ith alm ost n o  d iffe rence  in  
tile  u p stream  p a r t  o f  th e  river b efo re  202 km . In 
tile  estuary, sNA values a re  low er th a n  pN A  values, 
especially in  th e  dow nstream  p a r t  o f  th e  estuary  
w here  low am m o n iu m  an d  oxygen co n cen tra tio n
strongly lim it th e  activity o f  th e  n itrify ing p o p u la ­
tion. Spatial p a tte rn s  in  sNA an d  pN A  a t th e  m ost 
dow nstream  stations in d ica te  th e  d ilu tio n  o f river 
w ith m arin e  waters.
T id a l  P r o f il e s
A typical exam ple  o f  th e  tidal wave is show n in 
Fig. 3 (258 km , M ou lineaux). I t p resen ts  th e  suc­
cession o f  ebb  a n d  flood . D u rin g  th e  4 h  o f  flood, 
tile  w ater co lum n  h e ig h t increases rap id ly  to  a 
m ax im um  d e p e n d in g  o n  th e  tide  coefficient, an d  
d u rin g  th e  8.5 h  o f  ebb, it decreases slowly to  a 
m in im um . A very rap id  flow inversion  follows th e  
ebb-flood succession an d  a m u ch  m o re  progressive 
inversion  follows th e  flood-ebb  succession as seen 
o n  th e  velocity profiles (Fig. 3).
O n  surface sam ples, su sp en d ed  m a tte r  co n cen ­
tra tio n s (Fig. 4) m easu red  a t 258 km  (M oulineaux) 
d u rin g  several tidal cycles vary strongly d u rin g  th e  
tide. In  genera l, co n cen tra tio n s  are  m ax im um  in 
tile  first 2  h  o f  th e  flood, follow ing th e  c u rre n t 
inversion  (t = 0  h ) an d  th e n  decrease  d u rin g  the  
flood  an d  a t h ig h  tide  to g e th e r  w ith c u rre n t veloc­
ity ( 2  h  <  t <  4 h ) . D ep en d in g  on  th e  situation , 
SM starts to  increase  from  th e  ebb  c u r re n t inver­
sion (t = 4 h ) w hen  c u rre n t velocity increases, an d  
reach es a sm aller m ax im um  2 to 4 h  la te r  ( 6  h  <  
t <  8  h ) . I t is follow ed again  by a decrease a t th e  
e n d  o f tile  eb b  (/ >  8  h ) . P o ten tia l n itrify ing activ­
ity pro files m easu red  d u rin g  th e  sam e tida l cycles 
show a sim ilar varia tion  p a tte rn  as su sp en d ed  m at­
te r  p rofiles (Fig. 4).
O n  a cross section, m easu rem en ts  o f  SM an d  
pN A  as d e te rm in e d  in  S ep tem b er 1996, show a 
s trong  spatial an d  tidal variability (Fig. 5a,b) with, 
again, a sim ilar p a tte rn  fo r  pN A  variations as fo r 
SM. T h e  six cross-section p ro files co rre sp o n d  to  6  
characteristic  m o m en ts  o f  th e  tida l cycle. A t th e  
e n d  o f th e  ebb, co n cen tra tio n s  are  relatively h o ­
m o g en o u s a n d  low. A t th e  b eg in n in g  o f  th e  flood, 
co n cen tra tio n s  increase, b eg in n in g  from  th e  b o t­
tom , as a re su lt o f  th e  re su spension  o f  partic les 
follow ing th e  c u rre n t inversion. A t th e  m id d le  o f 
tile  flood , a severe stratification  resu lts from  th e  
sinking o f  partic les from  surface w aters an d  co n ­
seq u en t accu m u la tio n  o f  partic les in  th e  bo tto m  
layers. A t h ig h  tide  a s trong  sed im en ta tio n  o f SM 
an d  pN A  in  all p a rts  o f  th e  w ater co lu m n  follows 
tile  zero  flow velocity. A t th e  b eg in n in g  o f  th e  ebb, 
SM co n cen tra tio n s  increase  b eg in n in g  from  th e  
b o tto m  as a re su lt o f  th e  second  c u r re n t inversion, 
a lth o u g h  to  a lesser e x te n t th a n  fo r  th e  flood  in ­
version. Finally, at th e  m id d le  o f  th e  ebb, co n cen ­
tra tio n s b eco m e again  relatively h o m o g en o u s  an d  
low after sed im en ta tion . T h e re  is also a s trong  
asym m etry betw een  th e  left b an k  an d  th e  r ig h t 
bank. T his is re la ted  to  th e  fact th a t th e  river at
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Fig. 6. Sedim entation kinetics o f suspended m atter (SM) 
an d  poten tial nitrifying activity (pNA).
th is sta tion  (258 km ) fo rm s a loop  (see Fig. la )  
w ith tile  left b an k  at th e  o u te r  side. Particles ac­
cum u la te  m o re  a t th e  in n e r  side o f  th e  loop  (righ t 
b a n k ) , w here  c u rre n t velocities d u rin g  th e  ebb  are  
m o re  red u ced .
S e d i m e n t a t io n  o f  p N A  a n d  S M
Results o f  th is e x p e rim en t (Fig. 6 ) show th a t SM 
an d  pN A  have a very sim ilar sed im en ta tio n  p ro file  
w ith a 30-40%  frac tio n  n o n -d ecan tab le  after 90 
m in.
Discussion
D is s o l v e d  I n o r g a n ic  N i t r o g e n  B u d g e t
DIN fluxes in  th e  river an d  estuary  are  p re se n t­
ed  in  Fig. 7, in  five successive stretches: 62-114  km, 
w here  th e  Seine receives th e  w astew ater d ischarge 
o f  A chères (75 km ) a n d  th e  River O ise (85 km ); 
114—186 km , tile  last river stre tch  b e fo re  th e  estu­
ary; 186-230 km , th e  u p stream  p a r t  o f  th e  estuary  
(with a little p o rtio n  o f th e  river as n o  sam ples 
w ere taken  ju s t  at th e  e n d  o f  th e  riverine  section, 
198 km ); 230-251 km , w here  th e  Seine receives the  
w astew ater o f  th e  city o f  R o u en  (249 km ); a n d  25 1 - 
310 km , th e  dow nstream  p a r t  o f  th e  estuary  b efo re  
th e  d ilu tio n  w ith seawater. T h e  incom ing , ou tg o ­
ing, an d  in te rn a l N-fluxes in  each  stre tch  are  cal­
cu la ted  from  th e  m easu red  DIN, N H 4, a n d  N O s at 
its u p stream  a n d  dow nstream  limits, an d  from  th e  
river d ischarge. O u r calcu lations assum e steady- 
state co n d itio n s an d  n eg lec t p h y to p lan k to n ic  N  u p ­
take as b loom s in  this season only occu r in  th e  
u p stream  p a r t  o f  th e  river ne tw ork  (G arn ie r e t al. 
1995). In d eed , a re c e n t review by N edw ell e t al. 
(1999) cam e to  th e  conclusion  th a t ph y to p lan k to n ­
ic N -uptake in  estuaries receiv ing h ig h  loads o f  n i­
tro g en  is o f  lim ited  im p o rtan ce  as a sink fo r  n itro ­
gen . In  tile  lo n g  stre tches w ith o u t trib u ta ries  o r 
w astew ater in p u ts  (stre tches 2, 3, an d  5), we con­
sider th a t an  increase  o f  D IN only com es from  an 
a p p a re n t m inera liza tio n  o f  o rgan ic  N  in  N H 4  an d  
th a t a decrease  o f  DIN is only th e  re su lt o f  an  ap­
p a re n t N O 3  den itrifica tion . In  these  stretches, ap­
p a re n t n itrifica tion  is ca lcu la ted  by co m p arin g  th e  
in p u t an d  o u tp u t co n cen tra tio n s  o f  am m o n iu m  
an d  tak ing  in to  acco u n t th e  co n tr ib u tio n  o f  N H 4  
from  a p p a re n t m inera liza tion . In  th e  sh o rt s tre tch ­
es w ith ex te rn a l in p u ts  (stre tches 1 a n d  4), we con­
sider th a t a D IN increase  is only th e  re su lt o f  this 
p o in t source tak ing  in to  acco u n t th e  w ater dis­
ch arg e  o f  th e  tr ib u ta ry  a n d /  o r  wastewater. By d e ­
sign, stre tches subm itted  to  ex te rn a l N  in p u ts  w ere 
d efin ed  as sh o rt as possible. In  th is way, bio logical 
p rocess fluxes can  be  n eg lec ted  because o f  the  
sh o rt re s id en ce  times.
C alcu lated  fluxes show  th a t DIN dynam ics in  th e  
river itse lf a re  d o m in a te d  by th e  in p u ts  o f  am m o­
n iu m  from  w astew ater d ischarge an d  from  organic  
m a tte r  m inera liza tion . Som e n itrifica tion  also oc­
curs b u t th e  m a jo r p a r t  (63%  to 90% ) o f th e  initial 
+  b ro u g h t + p ro d u c e d  am m o n iu m  is delivered  to 
th e  estuary  w ith o u t transfo rm ations. In  th e  estuary, 
th e  d o m in a n t process affecting  DIN dynam ics is 
clearly n itrifica tion  w ith all th e  am m o n iu m  e n te r­
in g  th e  system b e in g  oxidized. Som e den itrifica­
tio n  also occurs in  th e  m ost dow nstream  p a r t  o f 
th e  system. In ten se  n itrifica tion  in  estuaries o f 
large rivers receiv ing  im p o rta n t N H 4  in p u ts  is a 
g en e ra l observation . C aspers (1981) id en tified  a 
large zo n e  o f th e  freshw ater section  in  th e  Elbe 
estuary  w here  in ten se  n itrifica tion  was co rre la ted  
w ith a d ep le tio n  o f th e  oxygen co n cen tra tio n . In 
an  ea rlie r study, B illen (1975) also show ed that, 
w hen  oxygen co n cen tra tio n s  w ere n o t lim iting, n i­
trification  was a m ajo r process in  th e  S cheld t es­
tuary. In  th e  D elaw are River estuary, L ipshultz e t 
al. (1986, p. 701) also fo u n d  th a t “ quan tita tive  as­
sessm ent o f  n itro g e n  m etabo lism  o f a sewage im ­
p ac ted  river clearly id en tified  N H 4+-oxidation  as 
th e  m a jo r process affecting  observed  d istribu tions 
o f  N O T , N O s- an d  N H 4+” .
In  acco rd an ce  w ith th e  observed  N-dynam ics, 
th e  n itrify ing activities m easu red  in  th e  Seine are  
relatively low in  th e  river itse lf b u t m u ch  h ig h e r  in  
th e  estuary. O u r  re c o rd e d  sNA values (0.07 to 0.73 
|ju n o l\  1 h ) a re  co m p arab le  to those  fo u n d  in  
su m m er in  th e  P rov idence  River estuary  (R hode 
Island, U.S.) (0.17 to  0.46 p m olN  R 1 I r 1) w hich 
also receives large am o u n ts  o f  tre a te d  w astew ater 
(B erounsky an d  N ixon  1993).
C o n s i s t e n c y  o f  DIN B u d g e t s  a n d  M e a s u r e d  
N i t r i f i c a t i o n  R a t e s
We a tte m p te d  to check  th e  c o rre sp o n d e n c e  b e ­
tw een o u r  nitrify ing activity m easu rem en ts  a n d  th e
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Fig. 7. Dissolved inorganic n itrogen  (DIN) flows from  62 km (Maison-Laffitte) to 310 km  (Caudebec, before the  dilution with 
seawater) for the  3 longitudinal cruises. Flows are calculated as described in the  text in five stretches o f the river: 62-114 km, 114- 
186 km, 186-230 km, 230-251 km , and  251-310 km (see Fig. la).
above-described DIN budgets. K now ing th e  riv er’s 
g eo m etry  (w ater sections given every 4 km  fo r a 
given river d ischarge), it was possible to  calculate 
tile  freshw ater vo lum e o f th e  river a n d  o f  th e  es­
tuary. For th e  estuary  th e  sections w ere in teg ra ted  
m eans tak ing  in to  acco u n t th e  tidal variability o f 
tile  w ater level over a neap -sp ring  tide p e rio d . By 
m ultip ly ing  those  vo lum es w ith th e  co rre sp o n d in g  
nitrify ing activities m easu red  u n d e r  in  situ cond i­
tions, we o b ta in  th e  N -flux re la te d  to n itrification .
T his flux derived  from  o u r  sNA m easu rem en ts  is 
co m p ared  to  th e  n itrifica tion  flux  derived  from  
o u r  DIN b u d g e t (Fig. 7) in  Table 2. In  th e  river 
p a r t  o f  tile  Seine, fluxes derived  from  th e  sNA val­
ues are in  go o d  a g reem en t w ith ca lcu la ted  fluxes 
a lth o u g h  th e re  is an  u n d e re s tim a tio n  o f  th e  m ea­
su red  n itrify ing  activities fo r  Ju ly  1995. T his is p ro b ­
ably lin k ed  to  th e  sam pling  strategy th a t d id n ’t fol­
low th e  rea l w ater m ass travel fo r th e  co n cen tra tio n  
m easu rem en ts. C hesté riko ff e t al. (1992) w ho d id
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TABLE 2. Com parison of nitrification fluxes derived from  sNA 
m easurem ents and from  DIN budgets in the  river and  estuarine 
stretches o f the Seine River. V =  volume of freshwater in the 
stretch (IO8 m 3). NITm eas =  nitrification flux derived from  the 
sNA m easurem ents calculated by m ultiplying the  in tegrated  av­
erage of m easured  in situ nitrifying activity in  the stretch by V 
(T-N d 1 ). NITcalc =  nitrification flux calculated from  the DIN 
budget as in Fig. 7 (T-N cU1)- Ju n e  1989-April 1990 data are 
from  C hestérikoff et al. (1992).
River Estuary
V 1.31 1.90
Ju n e  1989-April 1990 NITm eas 0.3-0.7 —
NITcalc 0.3-0.9 —
July 1995 NITm eas 10 17
NITcalc 18 78
Septem ber 1995 NITm eas 7 27
NITcalc 8 75
July 1996 NITm eas 3 25
NITcalc — 43
th e ir  ex p erim en ts  follow ing th e  sam e w ater m ass 
a long  its travel dow nstream  from  Paris to  th e  Poses 
dam , fo u n d  a g re e m e n t betw een  sNA values (m ea­
su red  w ith th e  sam e m e th o d ) an d  D IN profiles. In  
th e  estuary  fluxes derived  from  th e  sNA show  a 
clear d iscrepancy  w ith th e  ca lcu la ted  n itrifica tion . 
It is obvious th a t th e re  is an  u n d e re s tim a tio n  o f 
th e  n itrify ing activity m easu rem en ts  w ith reg a rd s to 
th e  observed  am m o n iu m  decrease. To exp la in  this 
discrepancy, we reco n sid e red  o u r  sam pling  s tra te­
gy. In d eed , in  th e  river, as well as in  th e  estuary, 
sam ples w ere taken  in  th e  u p p e r  p a r t  o f  th e  w ater 
co lum n. In  th e  river, as th e  w ater co lum n  is know n 
to be  well m ixed  (C hestériko ff e t al. 1992), surface 
sam ples are rep resen ta tiv e  a n d  sNA m easu rem en ts  
do  agree w ith m easu red  D IN profiles. In  th e  es­
tuary  we saw th a t th e re  was a severe a n d  variable 
vertical s tra tification  o f nitrify ing activities, as well 
as o f  su sp en d ed  m atter. C onsequently , surface sam ­
ples taken  at a given tim e o f th e  tida l cycle are  n o t 
likely to  be  rep resen ta tive  o f  th e  w ater co lum n.
To quantify  this u n rep resen ta tiv en ess  o f  o u r  sur­
face sam ples in  th e  e stu arin e  env iro n m en t, we 
have to con sid er th e  close re la tio n sh ip  betw een  n i­
trifying b ac te ria  an d  p a rticu la te  m ateria l. We saw 
th a t they vary in  th e  sam e way d u rin g  tidal cycles 
an d  th a t they settle a t sim ilar rates, suggesting  th a t 
m ost o f  th e  n itrify ing  b ac te ria  are  n o t free-living, 
b u t a tta ch ed  to th e  particles. C orre la tio n s betw een  
pN A  a n d  SM w ere estab lished  fo r  each  o f  o u r  tidal 
profiles (Table 1 ) by lin ea r regression . We see th a t 
a g o o d  re la tio n  generally  exists as long  as th e  ran g e  
o f  th e  SM (an d  pNA) varia tion  is large en o u g h  
(Table 1). T his is th e  case fo r  th e  cruises o f  July 
1993, May, Ju n e , an d  Ju ly  1994, an d  S ep tem b er 
1996 w hich are  ch arac terized  by a relatively low riv­
e r d ischarge. In  th a t case, th e  slope o f  th e  lin ea r 
regressions gives an  in d e x  o f  co lon iza tion  o f p a r­
ticles by nitrify ing bacteria . T his pN A  associated  to 
partic les vary seasonally from  5.5 to  43 p ino lN  g 
h _1. O w ens (1986) extensively discusses th e  sam e 
k in d  o f  co rre la tio n  fo r  th e  sm all T am ar estuary. H e 
fo u n d  a partic le-associated  pN A  o f 0.4 to  0.9 
p m olN  g h w hich is less th a n  o u r  values b u t 
n o t  su rp rising  as we con sid er th e  sm all size o f  th e  
T am ar River estuary  (34 m 3  s 1, G rab em an n  e t al. 
1997) in  com parison  w ith th e  Seine River estuary. 
In  e s tu arin e  systems w ith fre q u e n t a n d  som etim es 
ra p id  c u r re n t changes, th e  re su lt o f  th e  a tta c h m e n t 
o f  n itrify ing b ac te ria  to  partic les is th a t th e  d istri­
b u tio n  o f  sNA, like SM, is ex trem ely  h e te ro g e ­
n eo u s  w ith in  th e  w ater co lum n , b u t also w ith in  th e  
tidal cycle (Figs. 4 an d  5). T h e  rep resen ta tiveness 
o f  surface m easu rem en ts  in  such a system is p re ­
sen ted  in  Fig. 8  w hich shows th e  spatial variability 
o f  su sp en d ed  m ateria l an d  pN A  w ith in  a cross sec­
tio n  o f  th e  estuary  d u rin g  th e  tidal cycle o f  Sep­
te m b e r 27, 1996.
E xcep t a t th e  e n d  o f th e  ebb, surface m easu re ­
m en ts  are  always at th e  ex trem e  low er lim it o f  the  
d istribu tion . F or this situation  we can calcu late  th a t 
surface m easu rem en ts  o f  SM an d  pN A  are  ap p ro x ­
im ately 2  tim es low er th a n  th e  c o rre sp o n d in g  cross 
section  b a lan ced  m ean s (ratio  1 to  5 acco rd in g  to 
th e  m o m e n t o f  th e  tida l cycle). O nly a t th e  e n d  o f 
th e  ebb, th e  w ater co lum n  is h o m o g en o u s  an d  sur­
face sam ples a re  rep resen ta tiv e  o f  th e  w hole w ater 
co lum n. So in  th is p a rticu la r case, surface pNA 
m easu rem en ts  u n d e re s tim a te  by a m ean  fac to r o f 
two tile  actual cross section  average. A ltho u g h  it 
was only d e te rm in e d  at o n e  sta tion  an d  fo r o n e  
tidal an d  seasonal situation , we see th a t applying 
this fac to r to  o u r  lo n g itu d in a l sNA m easu rem en ts  
in  th e  estuary, results in  a b e tte r  a g reem en t be­
tw een nitrify ing activity m easu rem en ts  a n d  DIN 
b ud g ets  (Table 2).
C o n s e q u e n c e  o f  t h e  C o u p l e d  S u s p e n d e d  
P a r t ic l e s -N it r if ic a t i o n  D y n a m ic s
A con seq u en ce  o f  th e  co u p led  SM-pNA tidal dy­
nam ics is th a t th e  re su spension  o f  partic les d u rin g  
th e  f lo o d ’s flow inversion, an d  th e ir  upstream  
tran sp o rta tio n  by th e  flood, follow ed by a signifi­
can t sed im en ta tio n  a t h ig h  tide, cou ld  lead  to a 
n e t  accum ula tion  o f  partic les in  som e estu arin e  
segm ents d u rin g  low river d ischarge  conditions. 
T h e  seasonal varia tions o f  SM in  th e  estuary  (sta­
tio n  M oulineaux , 258 km ) in  com parison  w ith th e  
seasonal variations o f  SM in  th e  river (Poses dam , 
198 km ) illustra te  this p o in t (Fig. 9). Seasonal var­
ia tions o f  SM at th e  e stu arin e  sta tion  (258 km ) 
show m ax im um  co n cen tra tio n s  w hen  river dis­
ch arg e  is m in im um . T h e  opposite  p a tte rn  is ob­
served at th e  riverine sta tion  (198 km ) w here  m ax­
im um  co n cen tra tio n s  usually co incide  w ith m axi­
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Fig. 8. V ariability  o f  th e  su sp e n d e d  m a tte r  (SM) a n d  p o te n tia l n itrify ing  activity (pN A ) m e a su re m e n ts  o n  a  cross sec tion  a t sta tion  
M o u lin ea u x  (258 km ) a lo n g  a  tida l cycle o n  S e p te m b e r  2V, 1996. C rosses re p re se n t th e  su rface  m easu rem en ts , d o tte d  lines w ith  o p e n  
circles a re  th e  m in im u m  a n d  m ax im u m  values o n  th e  cross section , a n d  th e  full lin e  w ith  filled  circles is th e  in te g ra te d  average value 
o n  th e  cross section .
m um  river d ischarges. SM m easu rem en ts  p e r­
fo rm e d  twice m o n th ly  by th e  SNS at 198 km  an d  
at 260 km , from  1990 to  1995, show  th a t d u rin g  
h ig h  d ischarge  periods, SM co n cen tra tio n s  in  the  
river are  h ig h e r  th a n  a t th e  e stu arin e  station, while 
d u rin g  p e rio d s  o f  low d ischarge, th e  opposite  is
observed  (Fig. 10). I t seem s clear th a t th e re  is an 
accum ula tion  o f  partic les in  th e  estuary  th ro u g h ­
o u t th e  low w ater flow p erio d , w hen  th e  resid en ce  
tim e o f partic les in  th e  estuary  is p robab ly  lo n g e r 
th a n  th e  w ater re s id en ce  tim e.
A ltho u g h  o u r  descrip tio n  o f th e  partic le  dynam -
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Fig. 9. Seasonal variations o f suspended m atter concen tra tion  (SM) at stations Poses dam  (198 km , in  th e  river) an d  M oulineaux 
(258 km , in  th e  estuary), an d  po ten tial nitrifying activity on  these particles (pNA:SM) a t station M oulineaux (258 km ). M ean surface 
suspended m atter concen tra tion  is calculated by in tegrating  the  tidal profiles o f  Figs. 4 an d  5. Som e supplem entary  data were given 
by the  Service de la Navigation de la Seine (SNS) pNA : SM. Potential nitrifying activity associated with suspended m atter is calculated 
as th e  slope o f the  linear regression during  tidal variations o f SM an d  PNA (see Table 1) o r as the  simple single pNA divided by SM 
m easurem ents. River discharge is p resen ted  as a  do tted  line.
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Fig. 10. Suspended m atter (SM) m easured  at M oulineaux 
(258 km, in the  estuary) versus suspended m atter m easured  at 
Poses dam  (198 km, before the estuary) for 2 discharge cate­
gories, betw een 1990 and  1995. (Service de la Navigation de la 
Seine unpublished  data).
ics in  th e  Seine estuary  may be  sim plistic, a re c e n t 
d e ta iled  hydro -sed im en tary  study on  p artic le  trans­
p o r t  in  th e  Seine estuary  m ad e  by G uézennec  e t 
al. (1999) cam e to  th e  sam e conclusions. T h e  ac­
cu m u la tio n  o f p artic les in  th e  estuary  d u rin g  sum ­
m e r cou ld  have im p o rta n t im plica tions fo r  th e  
grow th o f th e  nitrify ing p o p u la tio n . T h e  slope o f 
th e  reg ression  lines o f  p o ten tia l nitrify ing activity 
versus su sp en d ed  m a tte r  given in  Table 1 provides 
a m easu re  o f  th e  nitrify ing b iom ass associated  to 
those  particles. A dd itional da ta  w ere o b ta in ed  by 
div id ing single m easu rem en ts  o f  pN A  m ad e  a t sta­
tio n  M ou lineaux  (258 km ) w ith SM, m aking  th e  
sim plifying hypothesis th a t all n itrify ing bac te ria  
a re  associated  w ith all th e  particles. T h e  seasonal 
varia tions o f  th is pNA:SM ra tio  (Fig. 9) show th a t 
partic les are  progressively co lon ized  by n itrify ing 
b ac te ria  w ith a very sharp  an d  h ig h  p eak  co rre ­
sp o n d in g  to th e  su m m er m in im u m  river d ischarg ­
es. T h is m ax im um  also occurs d u rin g  p eak  sum ­
m e r tem p era tu res  w hich a re  particu larly  favorable 
to  th e  grow th o f nitrify ing bacteria , b u t th e  sharp ­
ness o f  th e  p eak  suggests th a t th e  long  residence  
tim es o f  th e  partic les to w hich nitrify ing bacteria  
a re  a ttach ed  are favorable to  th e  d ev e lo p m en t o f  
im p o rta n t biom asses. T h e  association  o f n itrify ing 
b ac te ria  to partic les w ith lo n g e r re s id en ce  tim es 
th a n  w ater m asses rep resen ts  thus a b en e fit fo r  the  
d ev e lo p m en t o f  these  slow grow ing organism s. A 
physiological study o f  nitrify ing b ac te ria  in  th e  
E m s-D o lla rd  e s tu a ry  by H e ld e r  a n d  D e V ries 
(1983) also cam e to  th e  conclusion  th a t it was only 
by association w ith su sp en d ed  m a tte r  accum ulating  
inw ard  by th e  tides, th a t th e  n itrifie rs  can  m ain ta in  
them selves in  th e  water. In  a n o th e r  study m ad e  on
th e  sm all T am ar River estuary, O w ens (1986) cam e 
to  th e  sam e conclusions by co m p arin g  estuarine  
n itrifica tion  to a flu id ized  b ed  reaction .
A c k n o w l e d g m e n t s
This work was supported by the French research programs Pro­
gramme Interdisciplinaire de Recherche sur l’Environnement- 
Seine (Centre National de Recherche Scientifique, Agence de 
l’Eau Seine Norm andie) and Seine-aval (Region Haute Norm an­
die). At the time of this work Natacha Brion was a  doctoral re- 
search-fellow o f the  F ond  p o u r la fo rm ation  à  la R echerche 
p o u r l ’Industrie  e t l’A gronom ie (Belgium) and  Gilles Billen was 
the  re s ear ch-dire etor o f  the  Fond N ational de R echerche Scien­
tifique (Belgium).
L it e r a t u r e  C it e d
A dm íraa l, W. a n d  Y. J . H. B o term ans. 1989. C om parison of 
n itrification rates in  th ree  b ranches o f  th e  lower river Rhine. 
Bio geo chemistry 8:135—151.
Avoine, J., G. P. A lle n ,  M. N ic h o ls , J . C. Sa lom on , a n d  C. 
L a rso n n e u r . 1981. Suspended sedim ent tran sp o rt in  the 
Seine estuary, France: Effect o f m an-m ade m odifications on 
estuary-shelf sedim entation. Marine Geology 40:119-137. 
B e lse r, L. W. a n d  E. L. Mays. 1982. Use o f n itrifier activity m ea­
surem ents to  estim ate th e  efficiency o f viable nitrifiers coun t 
in  soils an d  sediments. Applied and Environmental Microbiology 
43:945-948.
B ero  unsky, V. M. a n d  S. W. N ixon . 1993. Rates o f nitrification 
along an  estuarine g rad ien t in N arrangaset Bay. Estuaries 16: 
718-730.
B ille n , G. 1975. N itrification in  the  Scheldt estuary (Belgium 
an d  T he N etherlands). Estuarine and Coastal Marine Science 3: 
79-89.
B oon , B. a n d  H. L a u d e lo u t .  1962. Kinetics o f  n itrite  oxidation 
by N itrobacter W inogradskyi. Biochemical Journal 85:440-477. 
B ovendeur, J., A. B. Zwaga, B. G. J . Lobee, a n d  J. H. Blom. 
1990. Fixed-biofilm reactors in  aquacultural w ater recycle sys­
tems: Effect o f  organic m atter elim ination on  nitrification ki­
netics. Water Research 2:207-213.
B rio n , N. a n d  G. B ille n . 1998. U ne réévaluation de la m éthode 
d ’inco rpora tion  de H 14C 0 3-  p o u r m esurer la nitrification au- 
to tro p h e  e t son application p o u r estim er des biomasses de 
bactéries nitrifiantes. Revue des Sciences de VEau 11:283-302. 
C aspers, H. 1981. Seasonal effects on  the  n itrogen  cycle in  the 
freshw ater section o f the  Elbe estuary. Verhandlungen Interna­
tionale Vereinigung fü r  Limnologie 21:866—870.
C h e s té r ik o ff , A., B. G arban , G. B ille n , a n d  M. P o u lin . 1992. 
Inorganic  n itrogen  dynamics in  the  river Seine downstream  
from  Paris (France). Biogeochemistry 17:147-164.
C ooper, A. B. 1984. Activities o f ben th ic  nitrifiers in streams 
an d  th e ir ro le in oxygen consum ption. Microbial Ecology 10: 
316-333.
D éri, A. 1991. T he ro le o f nitrification in  the  oxygen depletion  
o f the  River D anube. Verhandlungen Internationale Vereinigung 
fü r  Limnologie 24:1965-1968.
G arn ie r, J., G. B ille n , a n d  M. C oste . 1995. Seasonal succession 
o f diatom s an d  chlor op hycaea in  th e  drainage netw ork o f Riv­
er Seine: O bservations and  m odelling. Limnology and Ocean­
ography 40:750-765.
G o u ld , G. W. a n d  H. Lees. 1960. T he isolation an d  culture o f 
nitrifying organisms. Part 1. N itrobacter. Canadian Journal o f 
Microbiology 6:299-307.
G rabem ann, I., R. J. U n c les , G. K rta u se , a n d  J . A. Stephens. 
1997. Behaviour o f turbid ity  m axim a in  th e  T am ar (U.K.) and  
W eser (F.R.G.) estuaries. Es tuarine, Coastal and Shelf Science 45: 
235-246.
Guézennec, L., R. Lafite, J.-?. Du pont , R. Meyer, and D. 
Boust. 1999. Hydrodynam ics o f  suspended particulate m atter
6 8 2  N. Brion e t al.
in  th e  tidal freshw ater zone o f a  m acrotidal estuary (the Seine 
estuary, France). Estuaries 22:717-727.
H e l d e r , W. a n d  R. T. P. D e  V r ie s . 1983. Estuarine n itrite  m ax­
im a an d  nitrifying bacteria  (Ems-Dollard estuary). Netherlands 
Journal o f Sea Research 17:1—18.
J o n e s , M. N. 1984. N itrate reduction  by shaking with cadm ium , 
alternative to  cadm ium  colum ns. Water Research 18:643-646.
L ip s c h u l t z , F., S. C . W o fsy , a n d  L . E . Fo x . 1986. N itrogen m e­
tabolism  o f th e  eu troph ic  Delaware River ecosystem. Limnology 
and Oceanography 31:701—716.
N e d w e l l , D . B ., T. D . J ic k e l l s , M . T r im m e r , a n d  R . Sa n d e r s . 
1999. N utrients in  estuaries. Advances in Ecological Research 29: 
43-92.
O w e n s , N. J . P. 1986. Estuarine nitrification: A naturally  occur­
ring  fluidized bed  reaction? Estuarine and Coastal Shelf Science 
22:31-44.
Sk in n e r , F. A. a n d  N. W a l k e r . 1961. Growth o f Nitrosomonas
europaea in  batch  an d  continuous culture. Archives fu r  Mikro­
biologie 38:339—349.
S law yc, G. a n d  J. J . M c I sa a c . 1972. Com parison o f two auto­
m ated  am m onium  m ethods in  a  region o f coastal upwelling. 
Deep-Sea Research 4:393—450.
St r a h l e r , A. N. 1957. Q uantitative analysis o f w atershed geo­
m orphology. Transaction, American Geophysical Union 38:913— 
920.
S o u r c e  o f  U n p u b l is h e d  M a t e r ia l s
S er v ic e  d e  la  N a v ig a t io n  d e  la  S e in e  (SNS). U npublished 
data. Service m aritim e de la Seine-M aritime (3ème S ection), 
Cellule A ntipollution de la Seine à  R ouen, 66 Av. Jacques 
Chastellain, 76000 R ouen, France.
Received fo r consideration, March 23, 1999 
Accepted fo r publication, June 12, 2000
